DC and AC electrical properties of hybrid films, consisting of carbon nanotubes and tungsten disulfide nanotubes (and fullerene like nanoparticles) were studied within the 2 -300 K temperature range and over the 20 Hz -1 MHz frequency range. The temperature dependences of the resistance R(T) exhibit behavior typical for the fluctuation-induced tunneling model in the intermediate temperature range. Analysis of the dependences of real and imaginary components of the impedance on the frequency (Z'(f ) and Z"(f )) demonstrates the rising role of the contact barriers between carbon nanotubes inside hybrid films, consisting of the carbon nanotubes and inorganic tungsten disulfide nanotubes as the temperature was decreased. The active component of the impedance was found to prevail in the AC electrical properties of the hybrid films, consisting of multi-wall carbon nanotubes and WS 2 nanoparticles over the entire available temperature range.
Introduction
The electrical and electromagnetic properties of carbon nanotubes (CNT) and tungsten disulfide nanostructures of different morphology (tubular and semi-spherical) are of particular interest, due to the number of their possible applications. Different types of CNT-based structures can be utilized for manufacturing of various integrated-circuit elements and electromagnetic devices, for example, transmission lines [1] , interconnects [2] , and nanoantennas [3, 4] . Undoped WS 2 nanotubes exhibit semiconductor properties with a well-defined band gap and with direct or indirect transition, depending on chirality [5] . High quality field-effect transistors based on WS 2 nanotubes were recently demonstrated [6] .
Hybrid materials based on carbon and inorganic nanostructures attracted a lot of interest, due to their unique electrical, mechanical, optical and thermal properties [7] . The multifunctionality of hybrid nanocomposites provides possibility for a number of applications of these materials, including gas sensors, chemical sensors, supercapacitors, batteries and photovoltaic elements [8] .
We assume that new class of hybrid materials consisting of organic (carbon nanotubes) and inorganic components (WS 2 nanotubes (NT) or WS 2 nanoparticles (NP)), which are commercially available, can be used for fabricating media with electrical properties and electromagnetic parameters that can be varied over a wide range. In this paper, we have focused our efforts on characterization of low frequency AC and DC electrical properties of such hybrid films.
Experimental details
Both single-wall carbon nanotubes (SWCNT) and multi-wall carbon nanotubes (MWCNT) were used as organic components for the fabrication of hybrid films. Commercially available HipCO SWCNT (with diameter of 0.8 -1.2 nm and length in the range 100 nm -1 µm) and CVD-produced MWCNT (with diameter of 30 -50 nm and length in the range 0.5 nm -200 µm) were utilized for hybrid films fabrication. WS 2 nanotubes were grown in the largescale fluidized-bed reactor. A detailed description of the growth mechanism was given in [9] . Careful parameterization of the conditions within the reactor allowed the scaling-up of nanotube synthesis to the current level of 150 g/day of pure nanotubes. The synthesized nanotube powder is rather fluffy and can easily be dispersed in different solvents and polymer blends and do not require an additional deagglomeration process. The majority of the WS 2 nanotubes are 1 -30 µm in length and 20 -180 nm in diameter. According to the HRTEM analysis tungsten disulfide nanotubes reveal highly crystalline order as one can see also from Fig. 1a . Inorganic fullerene-like WS 2 nanoparticles of 50 -150 nm in diameter were synthesized by a high temperature (850 • C) reaction using H 2 S gas and strongly reducing conditions in a fluidized bed reactor.
SWCNT/WS 2 -NT and MWCNT/WS 2 -NP hybrid films were produced on a cellulose acetate membrane filter (Millipore, 0.22 µm pore size) via a filtration process. In a typical procedure, 0.2 mg of each type of CNTs was dispersed into 1 wt% SDS aqueous solution by ultrasonication for 1 h at 44 kHz. In order to remove the remaining CNT agglomerates, thick CNT bundles and catalytic particles, the prepared suspension was subjected to centrifugation for 10 min at an acceleration of 12000 g. The surfactant was washed away with distilled water. CNT and inorganic WS 2 nanotubes (fullerenes) were mixed in the filtration cell. Typical SEM image of SWCNT/WS 2 -NT hybrid film is shown in Fig. 1b . TEM micrograph of a typical WS 2 NP with fullerene-like structure is shown in Fig. 1c . This nanoparticle consists of some 25 concentric and closed layers of WS 2 , but is not free of point defects, especially at points of acute curvature angles. Typical SEM image of SWCNT/WS 2 -NP hybrid film is shown in Fig. 1d . In order to determine influence of inorganic nanotubes (nanoparticles) on the electrical properties of hybrid films, pure SWCNT and MWCNT films were fabricated using the same filtration procedure.
After filtration, the films were transferred onto insulating Al 2 O 3 substrates for further electrical characterization. Electrical contacts to the films were made by Ag paint. Measurements of the temperature dependences of resistance R(T ) were carried out in the temperature range 2 -300 K using close-cycled refrigerator CFHF of Cryogenics Ltd.
Characterization of AC electrical properties was done by means of impedance spectroscopy using a LCR meter (Agilent 4284A). Measurements of the complex impedance Z = Z + iZ of the hybrid films were performed over frequencies ranging from 20 Hz to 1 MHz at 4.2, 77 and 300 K. The amplitude of the sinusoidal signal was 40 mV. DC bias voltage in the range 0 -5 V was simultaneously applied to the examined samples. Modeling of the experimental results by equivalent circuits was done using an EIS Spectrum Analyzer 1.0 program. 
DC conductivity
Temperature dependences of the resistance R(T ) of SWCNT films and SWCNT/WS 2 -NT hybrid films which have approximately the same geometrical sizes (width, length and thickness of the films) are presented in Fig. 2 . R(T ) dependences of MWCNT films and MWCNT/WS 2 -NP hybrid films are shown in Fig. 3 . Both types of the samples (pure CNT films and hybrid films) have similar R(T ) dependences, characterized by negative temperature coefficient of the resistance (dR/dT < 0) over the entire temperature range (2 -300 K). As one can see from Figs. 2 and 3, hybrid films have higher resistance values in comparison to pure SWCNT and MWCNT films. The difference in the conductivities of pure CNT films and hybrid samples increased as the temperature decreased. In the intermediate temperature range, it was found that the temperature dependences of the resistance R(T ) can be approximated by the equation proposed within the framework of inherent for disordered systems fluctuation-induced tunneling model [10] :
(1) where T 1 , according to [10] , is the temperature below which conduction is dominated by the charge carrier tunneling through the barrier and T 0 is the temperature above which fluctuation effects become significant. This model can be applied for fitting of the electrical properties of different types of disordered systems (including carbon nanotubes arrays [11] and CNT based polymer composites [12] ) in which large in atomic scale highly conductive regions divided by small insulating barriers. The low temperature saturation of the resistance can be explained by the tendency to saturate the dephasing time of the charge carriers inside an individual CNT observed in weakly disordered systems [13] . In order to approximate the experimental data over the entire temperature range, a more complicated analysis is required, which takes into account strong and/or weak localization effects.
AC conductivity
Impedance spectroscopy is a powerful tool for characterizating different types of disordered structures [14] , including nanocomposites and arrays of carbon nanotubes. Measurements of the relationships between the real and imaginary components of the impedance and the frequency, Z (f ) and Z (f ), along with the following of theoretical modeling of experimental results, provides the possibility for dividing the contribution from the nanotubes themselves and the contact barriers between them into the total impedance of the CNT assemblies.
It was found that over the entire temperature range, 4.2 -300 K, both the pure SWCNT and MWCNT films demonstrate properties inherent for the structures with a prevailing active part of the complex impedance. Incorporation of tungsten disulfide nanotubes into the SWCNT films and tungsten disulfide nanoparticles into the MWCNT films exhibited different influences on the AC electrical properties of hybrid films. Analysis of the Z (f ) and Z (f ) dependences for the SWCNT/WS 2 -NT hybrid films clearly demonstrate the increasingly important role of the reactive part of the complex impedance as the temperature decreases. It was found that for all measurement temperatures (4.2, 77 and 300 K) complex impedance of the SWCNT/WS 2 -NT hybrid films can be modeled using an equivalent circuit consisting of the following elements connected in series and parallel: resistance R 1 , capacitance C, resistance R 2 and constant phase element CPE. Impedance diagram of the SWCNT/WS 2 -NT hybrid films reconstructed from Z (f ) and Z (f ) dependences measured at T = 4.2 K is presented in Fig. 4 . Due to the low conductivity of WS 2 nanotubes in comparison to the SWCNTs, we assume that in the equivalent circuit (shown in the inset to Fig. 4) , calculated for hybrid film, the resistance R 1 and the capacitance C correspond to the average values of resistance and capacitance for the carbon nanotubes. On the other hand, the resistance R 2 simulates the Ohmic resistance of contact regions between the SWCNTs. The element CPE takes into account the spread in values of the resistance and capacitance of the inter-nanotube contact barriers [14] . The admittance of the CPE is defined as:
where A 0 is the coefficient with the dimensionality depending on the α value. In the case of α = 1, the coefficient A 0 has the dimensionality of capacitance, while in the case α = 0, the coefficient A 0 has the dimensionality of resistance. In the intermediate case, the dimensionality of A 0 can be considered as Ω −1 · s α [15] . Unlike the SWCNT films and SWCNT/WS 2 -NT hybrid films, the imaginary components of the impedance for both types of MWCNT samples (pure CNT films and hybrid films) were very low in comparison with the active parts of their impedance, even at T = 4.2 K and without applied DC bias voltage. The maximum value for the phase shift between voltage and current of about −10
• at 1 MHz was observed for MWCNT/WS 2 -NP hybrid films at T = 4.2 K and at U b = 0 V. This fact indicates that the electrical contacts between individual MWCNT inside pure and hybrid films were good, even in the low temperature range. Thus, the influence of WS 2 nanoparticles incorporation into MWCNT films on the frequency dependence of the impedance is less important in comparison to the case when the WS 2 nanotubes were embedded into the SWCNT films. This can be attributed to a geometrical factor. WS 2 nanotubes and SWCNT are characterized by large difference in sizes (20 -180 nm vs 0.8 -1.2 nm in diameter and 1 -30 µm vs 100 nm -1 µm in length, for WS 2 -NT and SWCNT, respectively). Therefore incorporation of poorly conducting WS 2 nanotubes into the matrix consisting of highly conductive SWCNT strongly increases the role of the contact resistance between separate single-wall carbon nanotubes inside the film. Conversely, embedding of the spherical WS 2 nanoparticles with diameter in the range 50 -150 nm into the film consisting of MWCNT (with diameter of 30 -50 nm and length in the range 0.5 nm -200 µm) does not strongly affect the AC conductivity of films.
One of the most interesting features of the AC electrical properties of the examined samples is the existence of a highly reproducible positive value for the imaginary component of impedance observed at T = 4.2 K for SWCNT films, MWCNT films and MWCNT/WS 2 -NP hybrids, as the DC bias voltage was applied. These positive Z values (corresponding to the negative part of −Z (f ) plots) are clearly seen in Figs. 5 and 6 and can be explained by the increased role of kinetic inductance for individual carbon nanotubes [16] as the temperature decreased and DC voltage was applied. This effect was not observed for SWCNT/WS 2 -NT hybrid films due to the high value of negative (capacitive) part of reactive impedance at low temperatures. It should be noted, that due to the low value of reactive part of the impedance Z in comparison with the active component Z , the modeling of experimental results for MWCNT films and MWCNT/WS 2 -NP hybrid films by reasonable equivalent circuits was impossible.
Conclusion
Investigation of the AC and DC electrical properties of the nanocomposite materials consisting of carbon nanotubes and inorganic tungsten disulfide nanotubes (nanoparticles) provided evidence for the successful processing of electrically conductive hybrid films using the filtration method. Incorporation of WS 2 nanotubes and nanoparticles into the carbon nanotube arrays was found to reduce strongly the electrical conductivity of fabricated hybrids. Further research will be focused on assessing the possibility of tuning the conductivity and dielectric constant of composites over a wide range by varying the percentage ratio of the carbon and inorganic components.
